Epilepsy occurs in one of 26 people. Temporal lobe epilepsy is common and can be difficult to treat effectively. It can develop after brain injuries that damage the hippocampus. Multiple pathophysiological mechanisms involving the hippocampal dentate gyrus have been proposed. This study evaluated a mouse model of temporal lobe epilepsy to test which pathological changes in the dentate gyrus correlate with seizure frequency and help prioritize potential mechanisms for further study. FVB mice (n 5 127) that had experienced status epilepticus after systemic treatment with pilocarpine 31-61 days earlier were video-monitored for spontaneous, convulsive seizures 9 hr/day every day for 24-36 days. Over 4,060 seizures were observed. Seizure frequency ranged from an average of one every 3.6 days to one every 2.1 hr. Hippocampal sections were processed for Nissl stain, Prox1-immunocytochemistry, GluR2-immunocytochemistry, Timm stain, glial fibrillary acidic protein-immunocytochemistry, glutamic acid decarboxylase in situ hybridization, and parvalbuminimmunocytochemistry. Stereological methods were used to measure hilar ectopic granule cells, mossy cells, mossy fiber sprouting, astrogliosis, and GABAergic interneurons. Seizure frequency was not significantly correlated with the generation of hilar ectopic granule cells, the number of mossy cells, the extent of mossy fiber sprouting, the extent of astrogliosis, or the number of GABAergic interneurons in the molecular layer or hilus. Seizure frequency significantly correlated with the loss of GABAergic interneurons in or adjacent to the granule cell layer, but not with the loss of parvalbumin-positive interneurons. These findings prioritize the loss of granule cell layer interneurons for further testing as a potential cause of temporal lobe epilepsy.
and by bridging hyperactivity from burst-firing CA3 pyramidal cells to granule cells (Scharfman, Smith, Goodman, & Sollas, 2001) . Granule cell axon (mossy fiber) sprouting has been proposed to cause seizures by increasing recurrent excitation (Tauck & Nadler, 1985) and by indirectly reducing inhibition (Buhl, Otis, & Mody, 1996) . Hilar ectopic granule cells have been proposed to be burst-firing super-connected hubs that can trigger seizures (Cameron, Zhan, & Nadler, 2011; Scharfman & Pierce, 2012) . Astrogliosis has been proposed to be epileptogenic by multiple mechanisms (Binder & Steinhäuser, 2006; Gibbons, Smeal, Takahashi, Vargas, & Wilcox, 2013; Wetherington, Serrano, & Dingledine, 2008) , including loss of cell domain organization (Oberheim et al., 2008) , inflammation (Maroso et al., 2010) , reduced inhibition (Ortinski et al., 2010) , glutamate release (Clasadonte, Dong, Hines, & Haydon, 2013) , disruption of adenosine homeostasis (Boison, 2016) , and altered expression of chloride ion pumps (Robel & Sontheimer, 2016) .
It is unclear if any of the pathological abnormalities in the dentate gyrus are epileptogenic. If a pathological abnormality were epileptogenic, then its severity might correlate with the frequency of spontaneous seizures. The underlying (and arguable) assumption is that if an abnormality causes seizures, then more of the abnormality would cause more seizures. If so, multiple mechanisms could be evaluated together in a single group of experimental subjects, revealing their relative importance. Hester and Danzer (2013) used this approach. They reported that the percentage of hilar ectopic granule cells, the amount of mossy fiber sprouting, and the extent of mossy cell loss all correlated with seizure frequency. The study, however, had limitations. Only nine epileptic mice were included, modern stereological methods were not used, and inhibitory interneurons were not evaluated.
In this study, seizure frequency and pathological abnormalities of the dentate gyrus were measured in an animal model of temporal lobe epilepsy. Pathological abnormalities were quantified using unbiased stereological techniques and tested for correlation with seizure frequency in 127 epileptic pilocarpine-treated mice. Hilar ectopic granule cells were labeled by Prospero homeobox 1 (Prox1)-immunocytochemistry, mossy cells were identified by GluR2-immunocytochemistry, mossy fiber sprouting was visualized with the Timm stain, astrogliosis was assessed by glial fibrillary acidic protein (GFAP)-immunocytochemistry, and GABAergic interneurons were labeled by in situ hybridization for glutamic acid decarboxylase (GAD) and immunocytochemistry for parvalbumin. We asked, which pathological abnormalities of the dentate gyrus correlate with seizure frequency?
| MATERIALS A ND METHODS

| Animals
All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by an institutional animal care and use committee at Stanford University. Mice were housed in micro-isolator cages on wood shavings in groups of up to five. Cotton nestlets were provided for enrichment. Room lights were on from 7:00 a.m. till 7:00 p.m. Mice had unlimited access to rodent chow and water. Female (n 5 83) and male (n 5 45) GIN mice (FVBTg(GadGFP)45704Swn/J, The Jackson Laboratory, RRID:IMSR_JAX:003718) were treated with pilocarpine (300 mg/ kg, i.p.) 45 min after atropine methylbromide (5 mg/kg, i.p.) when they were 58 6 2 days old (mean 6 SEM, range, 28-129 days). Diazepam (10 mg/kg, i.p.) was administered 2 hr after the onset of stage 3 or greater seizures (Racine, 1972) , and repeated as needed to suppress convulsions. During recovery, mice were kept warm with a heating pad and received lactated Ringer's with dextrose subcutaneously. Naïve control mice (n 5 3 females, 7 males) did not undergo pilocarpine treatment.
| Seizure monitoring
Beginning 42 6 1 days (range, 31-61 days) after pilocarpine treatment, mice were video-recorded, beginning at approximately 8:00 a.m., for 9 hr/day every day for 29 6 0.2 days (range, 24-36 days). For recording, mice were moved to the laboratory and transferred from their home cage to an aquarium divided into 10 slots. Each slot contained one mouse. Recordings of 10 mice at a time were manually reviewed in the fast-forward playback setting for behavioral seizures of grade 3 (forelimb clonus) or greater. Seizure frequency was measured by an investigator who was blind to the anatomical results of this study.
After seizure monitoring was complete, mice were killed by urethane overdose (2 g/kg i.p.). Mice were perfused immediately through the ascending aorta at 15 ml/min for 2 min with 0.9% sodium chloride, 5 min with 0.37% sodium sulfide, 1 min with 0.9% sodium chloride, and 30 min with 4% formaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Epileptic pilocarpine-treated mice were 129 6 2 days old (range, 91-197 days) when they were perfused. Controls were 110 6 21 days old (range, 41-198 days) . Brains were post-fixed overnight at 48C. The right hippocampus was isolated, equilibrated in 30% sucrose in PB, frozen, and stored at 2808C. Hippocampi were thawed in 30% sucrose in PB, gently straightened, frozen, and sectioned transversely from the septal pole to the temporal pole with a microtome set at 40 mm. Sections were collected in 30% ethylene glycol and 25% glycerol in 50 mM PB and stored at 2208C.
| Section sampling
In patients with temporal lobe epilepsy, pathology can vary along the septotemporal length of the hippocampus (Babb et al., 1984; Dam, 1980; Masukawa et al., 1995; Thom et al., 2012) . Therefore, starting at a random point near the septal pole, series of sections from the entire septotemporal length of the hippocampus were sampled. A 1-in-12 series yielded an average of 15 sections/hippocampus. A 1-in-12 series of sections was processed for Nissl stain with 0.25% thionin. Section sampling parameters for other stains are listed in Table 1 . For the Timm stain, three sections per hippocampus were analyzed: one section from the middle of the most septal third of the hippocampus (17%
| Staining
For Timm staining, sections were mounted on gelatin-coated slides and dried overnight. Timm staining developed at room temperature in the dark for 45 min in 120 ml 50% gum arabic, 20 ml 2 M citrate buffer, 60 ml 0.5 M hydroquinone, and 1 ml 19% silver nitrate. After rinsing in water, sections were exposed to 5% sodium thiosulfate for 4 min before dehydration and coverslipping with distyrene plasticizer xylene (DPX).
For immunocytochemistry, free-floating sections were rinsed in PB and treated with 1% H 2 O 2 for 2 hr. After rinses in PB and 0.1 M trisbuffered saline (TBS, pH 7.4), sections were treated with blocking solution consisting of 3% goat serum, 2% bovine serum albumin (BSA), and 0.3% Triton X-100 in 0.05 M TBS for 2 hr. Sections were rinsed in TBS and incubated for 7 days at 48C in primary antibody (Table 2 ) diluted in 1% goat serum, 0.2% BSA, and 0.3% Triton X-100 in 0.05 M TBS. After rinses in TBS, sections incubated for 2 hr in biotinylated goat antirabbit serum (1 : 500, Vector Laboratories, Burlingame, CA) in secondary diluent consisting of 2% BSA and 0.3% Triton X-100 in 0.05 M TBS. After rinses in TBS, sections incubated for 2 hr in avidin-biotinhorseradish peroxidase complex (1 : 500, Vector Laboratories) in secondary diluent. After rinses in TBS and 0.1 M tris buffer (TB, pH 7.6), sections were placed for 5 min in chromogen solution consisting of 0.02% diaminobenzidine, 0.04% NH 4 Cl, and 0.015% glucose oxidase in TB and then transferred to fresh chromogen solution with 0.1% b-Dglucose until cell staining reached desired levels, which typically required 13 min. The reaction was stopped in rinses of TB. Sections were mounted and dried on gelatin-coated slides, dehydrated, cleared, and coverslipped with DPX.
Another series of sections was processed for in situ hybridization for GAD. GAD65-cDNA (kindly provided by Drs. A. Tobin and N. Tillakaratne, University of California at Los Angeles) was 2.3 kb, isolated from a k ZapII library from adult rat hippocampus (Erlander, Tillakaratne, Feldblum, Patel, & Tobin, 1991) . GAD65-cDNA included the entire coding region (1755 bp), 74 bp of the 5 0 untranslated region, and 467 bp of the 3 0 untranslated region (Dr. N. Tillakaratne, University of California at Los Angeles, personal communication). RNA probes were produced by transcription of GAD65-cDNA, using a nonradioactive RNA labeling kit (Roche, Basel, Switzerland). Sections were washed in 10 mM phosphate buffered saline (PBS) and incubated sequentially in 0.02 N HCl, 0.01%
Triton X-100 in PBS, 0.2 mg/ml proteinase K in 50 mM tris (pH 7.4), 5 mM EDTA, and 2 mg/ml glycine in PBS. Sections prehybridized for 1 hr in a solution containing 50% formamide, 750 mM NaCl, 25 mM EDTA, 25 mM piperazine-N,N 0 -bis 2-ethanesulfonic acid, 0.2% sodium dodecyl sulfate, 250 mg/ml poly A, and 250 mg/ml salmon sperm DNA. Sections hybridized overnight in a humid chamber at 508C in a solution consisting of the prehybridization solution with digoxygenin-labeled RNA probe at a concentration of 2-4 ll/ml, 100 mM dithiothreitol, 4% dextran sulfate, and 250 lg/ml tRNA. After hybridization, sections were subjected to RNase treatment and stringency washes. Sections were processed for immunodetection of digoxygenin label with reagents of a nonradioactive nucleic acid detection kit (Roche), mounted on gelatin-coated slides, and coverslipped with ImmunoHistoMount (Sigma, St. Louis, MO) and DPX. 
| Antibody characterization
Primary antibodies are described in Table 2 . Granule cells express Prox1 (Liu et al., 2000) . Polyclonal anti-Prox1 serum (Covance, Princeton, NJ) (RRID: AB_10064230) was used to label ectopic granule cells.
Specificity of the antibody is supported by reduced labeling in conditional Prox1 knockout mice (Lavado, Lagutin, Chow, Baker, & Oliver, 2010) . The antibody stained a pattern consistent with hilar ectopic granule cells demonstrated previously with different antibodies (Jiao & Nadler, 2007; McCloskey, Hintz, Pierce, & Scharfman, 2006) .
Parvalbumin antibody (Swant, Marly, Switzerland) (RRID:
AB_10000344) was used to label a subtype of GABAergic interneuron.
According to the manufacturer's data sheet, the antibody did not stain cells in the brain of parvalbumin knockout mice. In the mouse hippocampus, the antibody stained a pattern consistent with parvalbuminpositive neurons demonstrated previously (Kosaka, Katsumaru, Hama, Wu, & Heizmann, 1987) .
Mossy cells can be distinguished from GABAergic interneurons in the hilus by expression of GluR2 (Leranth, Szeidemann, Hsu, & Buzs aki, 1996 (Fujise, Liu, Hori, & Kosaka, 1998) .
GFAP antibody (Dako, Glostrup, Denmark) (RRID: AB_10013382) was used to label astrocytes. According to the manufacturer's data sheet, the antibody is solid-phase absorbed with human and cow serum proteins. It shows one distinct precipitate (GFAP) with cow brain extract. And it shows no reaction with human plasma or cow serum. In the mouse hippocampus, it stained a pattern consistent with fibrillary astrocytes, as demonstrated previously with a different antibody (Hubbard, Szu, Yonan, & Binder, 2016) . Evidence for specificity of this antibody includes lack of staining in GFAP knockout mice (Hanbury, Ling, Wuu, & Kordower, 2003) .
| Analysis
All anatomical analyses were performed by investigators who were blind to seizure frequency results. A Neurolucida system (MBF Biosciences, Williston, VT) was used to count neuron profiles. Mossy cells were identified as large (>12 lm soma diameter) GluR2-positive cell body profiles in the hilus. The hilus was defined by its border with the granule cell layer and by straight lines from the ends of the granule cell layer to the proximal tip of the CA3 pyramidal cell layer. Hilar ectopic granule cells were identified as Prox1-positive cell body profiles in the hilus that were displaced at least 25 lm from the granule cell layer.
GAD-and parvalbumin-positive cell body profiles were counted anywhere in the dentate gyrus. GAD-positive cell body position was specified as either being in or touching the granule cell layer, in the molecular layer, or in the hilus. Counts of neuron profiles were used to estimate the number of neurons per hippocampus, as described in the Results section.
Mossy fiber sprouting was measured as the percentage of the granule cell layer plus molecular layer that was black after Timm staining. For all sections, an image of the dentate gyrus was obtained with a 10X objective using identical microscope and camera settings. NIH ImageJ was used to measure the area of a contour drawn around the granule cell layer plus molecular layer. The Timm-positive area within the contour was selected by adjusting a darkness threshold until all of the black area was covered. The average percent area that was Timmpositive for the three sections of each mouse was calculated.
Astrogliosis was measured as the percentage of the dentate gyrus area that was GFAP-positive. For GFAP-immunocytochemistry, all sections from all animals were processed together in the same solutions and for the same durations. An image of the dentate gyrus was obtained from each section with a 10X objective using identical microscope and camera settings. NIH ImageJ was used to measure the area of a contour drawn around the dentate gyrus (molecular layer, granule cell layer, and hilus). The GFAP-positive area within the contour was determined by setting a darkness threshold to a constant setting. The darkness threshold was determined in a pilot study of control animal sections. The average threshold setting that optimally detected astrocytes and their processes in control animals was 165. That threshold setting was used to measure the GFAP-positive area in all of the sections from all of the animals. An average value from all of the sections of each animal was calculated.
| Statistics
SigmaPlot 12 (Systat, San Jose, CA) was used for statistical analyses.
Results are reported as mean 6 SEM. Differences were considered significant if p < 0.05. Two-tailed t tests were used. The Shapiro-Wilk test or Kolmogorov-Smirnov test with Lilliefors correction was used to measure normality. Equal variance was tested by checking the variability about the group means. If normality or equal variance tests failed, a
Mann-Whitney rank sum test was used. Linear regression was used to measure the strength of the association between pairs of variables. If residuals were not normally distributed with constant variance, data were log-transformed. If residuals still were not normally distributed with constant variance, the Spearman rank order correlation was performed.
| Images
Photoshop (Adobe, San Jose, CA) was used to process images. Only brightness and contrast were adjusted. Previously, we used a similar pilocarpine-treatment protocol to generate epileptic mice of the background strain C57BL/6J (Hofmann, Balgooyen, Mattis, Deisseroth, & Buckmaster, 2016) . In epileptic C57BL/6J mice, 86% (25/29) display obvious loss of pyramidal cells, which is significantly more than the FVB mice of this study (18%, 41/124, p < 0.001, chi-squared test). These findings provide additional evidence for differences in the severity of hippocampal pathology in mouse models of temporal lobe epilepsy based on different background strains. In epileptic mice, the dentate gyrus appeared hypertrophied (Figure 3a2 ). There appeared to be more Prox1-positive neurons in the Zhang et al., 2009) , the dentate gyrus is larger and contains more granule cells, compared to controls .
In a subset of mice, a Stereo Investigator system (MBF Biosciences) and the optical fractionator method (West, Slomianka, & Gundersen, 1991) were used to estimate the total number of hilar Prox1-positive neurons per dentate gyrus. Parameters of the optical fractionator method are listed in Table 1 . There was a high correlation (R 5 0.998) between the number of profiles counted and the total number of neurons estimated by the optical fractionator method ( Figure   3b ). The slope of the regression line was used to estimate the total number of hilar ectopic Prox1-positive neurons per dentate gyrus from the profile counts for all of the mice. The mean number of hilar ectopic Prox1-positive neurons per dentate gyrus in epileptic mice (2190 6 80) was 3.7X greater than that of controls (600 6 30, p < 0.001, MannWhitney rank sum test) (Figure 3d ). There was no significant correlation between the number of hilar ectopic Prox1-positive neurons and seizure frequency (R 5 0.0763, p 5 0.398, ANOVA) ( Figure 3e ).
| No significant correlation between the number of mossy cells and seizure frequency
In control mice, GluR2-positive neurons were abundant in the granule cell layer, pyramidal cell layer, and hilus ( Figure 4a1 ). Large GluR2-positive neurons in the hilus were considered to be mossy cells, as in previous studies (Fujise & Kosaka, 1999) . GluR2-positive soma profiles in the hilus were counted if their diameter was >12 lm. They were more abundant in sections from the temporal end of the hippocampus (Figure 4c ).
In epileptic mice, the hilus appeared to contain fewer large GluR2-positive neurons (Figure 4a2 ), as reported previously (Tang et al., 2005; Zhang, Thamattoor, LeRoy, & Buckmaster, 2015) . More small GluR2-positive neurons (<12 lm soma diameter) were evident, but they were likely to be ectopic granule cells (Jiao & Nadler, 2007) . The number of large, hilar GluR2-positive neuron profiles was reduced in epileptic mice at all septotemporal levels of the hippocampus (Figure 4c ).
There was a high correlation (R 5 0.997) between the number of large, hilar GluR2-positive profiles counted and the total number of large, hilar GluR2-positive neurons per dentate gyrus estimated by the optical fractionator method in a subset of mice ( Figure 4b , Table 1 ). The slope of the regression line was used to estimate the number of large, hilar GluR2-positive neurons per dentate gyrus from the profile counts for all of the mice. The mean number per dentate gyrus in epileptic mice (1270 6 60) was only 38% of that in controls (3300 6 250, p < 0.001, Mann-Whitney rank sum test) (Figure 4d ). There was no significant correlation between the number of large, hilar GluR2-positive neurons and seizure frequency (R 5 0.156, p 5 0.079, ANOVA) (Figure 4e ).
3.5 | No significant correlation between the extent of mossy fiber sprouting and seizure frequency
In the dentate gyrus of control mice, black Timm staining was almost entirely restricted to the hilus (Figure 5a1 ). In all of the epileptic hippocampus Heng et al., 2013; . Those data were re-analyzed to test whether sampling fewer sections/mouse would provide results similar to those derived from the entire sample. The following section sampling schemes were tested: one section from the middle of the hippocampus (50% of the distance from the septal pole to the temporal pole), 17, 33, 67, or 84%; the average of three sections from 33, 50, and 67%; and the average of three sections from 17, 50, and 84%. Data from each section sampling scheme were plotted against results from the entire 1-in-12 series. The highest correlation coefficient was obtained from averaging three sections from 17, 50, and 84%. Figure 5b shows the plot of that sampling scheme versus the entire 1-in-12 series (slope 5 1.049, R 5 0.961, p < 0.001, Spearman rank order correlation).
Therefore, in this study, mossy fiber sprouting was quantified as the The average percent area of black Timm staining in epileptic mice (22.5 6 0.3%) was 12.5X greater than in controls (1.8 6 0.5%, p 0.001, Mann-Whitney rank sum test) (Figure 5d ). Epileptic mice had substantially larger percent areas of black Timm staining at all three levels analyzed, especially the temporal level (Figure 5c ). There was a significant negative correlation between the percent area of black Timm staining and the number of large, hilar GluR2-positive neurons per dentate gyrus (R 5 0.515, p < 0.001, ANOVA) (Figure 5e ). This finding revealed an association of mossy cell loss with mossy fiber sprouting, as reported previously for epileptic rats (Jiao & Nadler, 2007 ; but see Jinde et al. 2012 ). There was no significant correlation between the percent area of black Timm staining and seizure frequency (R 5 0.178, p 5 0.058, ANOVA) (Figure 5f ).
| No significant correlation between the extent of astrogliosis and seizure frequency
In control mice, GFAP-positive cells were spaced throughout the dentate gyrus (Figure 6a1 ). The percent area of the dentate gyrus that was GFAP-positive was relatively constant along the septotemporal axis ( Figure 6c ). In epileptic mice, GFAP-positive cells appeared to be hypertrophied ( Figure 6a2 ). The average percent area of the dentate gyrus that was GFAP-positive in epileptic mice (29.8 6 0.6%) was 1.5X larger than in control mice (20.1 6 1.4%, p < 0.001, t test) (Figure 6b ). The average percent area of GFAP-staining was larger in epileptic mice compared to controls at all septotemporal levels ( Figure 6c ). There was no significant correlation between the percent area that was GFAPpositive and seizure frequency (R 5 0.116, p 5 0.244, Spearman rank order correlation) (Figure 6d ).
| Significant correlation between the number of GABAergic neurons and seizure frequency
GABAergic interneurons were identified by in situ hybridization for GAD. In control mice, GAD-positive neurons were evident in all layers of the dentate gyrus, especially in the hilus and at the hilar border with the granule cell layer (Figure 7a1 ). GAD-positive neurons were more abundant in sections from the temporal part of the hippocampus (Figure 7d) .
In epileptic mice, the number of GAD-positive neurons appeared to be reduced, especially in the hilus (Figure 7a2 ), as reported previously for epileptic rats (Obenaus, Esclapez, & Houser, 1993) . Surviving GAD-positive neurons in epileptic mice appeared to be stained more intensely than in controls, as described previously for epileptic rats (Feldblum, Ackermann, & Tobin, 1990) . The number of GAD-positive neuron profiles was reduced in epileptic mice at all septotemporal levels of the hippocampus, especially in temporal sections (Figure 7d ).
There was a high correlation (R 5 0.977) between the number of GAD-positive profiles counted and the total number of GAD-positive neurons per dentate gyrus estimated by the optical fractionator method in a subset of mice ( Figure 7b , Table 1 ). The slope of the regression line was used to estimate the total number of GAD-positive neurons per dentate gyrus from profile counts for all of the mice. The average number of GAD-positive neurons per hippocampus in control mice was comparable to that estimated in one previous study (Guo, Koshizaki, et al., 2013) , but higher than that in another (Wei et al., 2015) . The average number of GAD-positive neurons per dentate gyrus in epileptic mice (5660 6 70) was 72% of that in controls (7860 6 300, p < 0.001, Mann-Whitney rank sum test) (Figure 7c ).
There was a significant negative correlation between the total number FIG URE 6 No significant correlation between astrogliosis and seizure frequency in epileptic pilocarpine-treated mice. GFAPimmunostaining of the dentate gyrus in a control (a1) and epileptic mouse (a2). The dentate gyrus is larger and GFAPimmunoreactivity is increased in the epileptic mouse. Sections are 38% of the distance from the septal pole to the temporal pole of the hippocampus. g 5 granule cell layer; h 5 hilus; m 5 molecular layer. (b) The percent area of the dentate gyrus that was GFAPpositive was larger in epileptic mice (n 5 103) compared to controls (n 5 7, p < 0.001, t test). The average number of granule cell layer GAD-positive neurons per dentate gyrus in epileptic mice (3050 6 50) was 77% of that in controls (3960 6 170, p < 0.001, t test) (Figure 7i) . Loss of granule cell layer GAD neurons was most severe in the temporal part of the hippocampus (Figure 7j ). There was a significant negative correlation between the number of granule cell layer GAD-positive neurons per dentate gyrus and seizure frequency (R 5 0.229, p 5 0.012, ANOVA) (Figure 7k ). Mice were 28-129 days old (58 6 2 days) when they were treated with pilocarpine. They were 91-197 days old (129 6 2 days) when perfused. There was a significant correlation between age and seizure frequency, and it was strongest for age at perfusion (R 5 0.302, p < 0.001, ANOVA) (Figure 9a ). Age at perfusion was determined by age at pilo- 
| DISCUSSION
The principal finding of this study is that the frequency of spontaneous seizures in epileptic pilocarpine-treated mice correlated with the loss of 
| Correlation between granule cell layer GABAergic neuron loss and seizure frequency
Loss of GABAergic neurons would be expected to reduce inhibition of granule cells. Granule cell inhibition is reduced in patients with temporal lobe epilepsy (Williamson, Patrylo, & Spencer, 1999) . Miniature inhibitory postsynaptic currents (mIPSCs) provide a relatively direct measure of inhibition. In several different rodent models of temporal lobe epilepsy, the frequency of mIPSCs recorded in granule cells is substantially reduced compared to controls (Kobayashi & Buckmaster, 2003; Shao & Dudek, 2005; Sun, Mtchedlishvili, Bertram, Erisir, & Kapur, 2007) . After transplantation of interneuron precursors into the hippocampus of rodent models of temporal lobe epilepsy, new
GABAergic synapses develop with granule cells (Henderson et al., 2014) , and seizure frequency is reduced (Hunt, Girskis, Rubenstein, Alvarez-Buylla, & Baraban, 2013; Waldau, Hattiangady, Kuruba, & Shetty, 2010) . These findings are consistent with the hypothesis that loss of granule cell layer GABAergic neurons reduces inhibition of granule cells, which makes seizures more likely to initiate.
The potential epileptogenic role of granule cell layer GABAergic neuron loss in temporal lobe epilepsy remains uncertain, however. This study tested for correlation, but did not establish causality. Some investigators might question the assumption that if a pathological abnormality were epileptogenic, then its severity should correlate with seizure frequency. We believe the assumption is reasonable and could not identify a more reliable metric of epileptogenicity.
The extent to which granule cell layer GABAergic neuron loss occurs in patients is unclear. Previous human studies that used GADimmunocytochemistry as a general marker of interneurons reported values in epileptic patients not significantly lower than in controls (Babb et al., 1989; Mathern et al., 1995 (Houser, 2007) . Studies that used markers of specific interneuron subtypes that tend to be positioned in or adjacent to the granule cell layer reported fewer interneurons in tissue from patients (Magl oczky et al., 2000; T oth et al., 2010) . Therefore, it is possible that in patients with temporal lobe epilepsy, the total number of GABAergic interneurons in the granule cell layer is reduced.
The correlation between granule cell layer GABAergic neuron loss and seizure frequency was significant, but weak (R 5 0.229). Huusko, R€ omer, Ndode-Ekane, Lukasiuk, and Pitkänen (2015) reported more severe loss of dentate gyrus interneurons, but fewer seizures after traumatic brain injury versus electrical stimulation of the amygdala.
However, there could be other differences after traumatic brain injury versus amygdalar stimulation that confound the comparison of the effects of interneuron loss.
In this study, time-saving methods were used, because of the large sample size and laborious nature of the analyses. Some elements of the experimental design may have reduced the correlation between seizure frequency and interneuron loss. For example, our study did not count all of the seizures that occurred during the monitoring period, and seizure frequency was based only on behavioral monitoring. Previous studies indicate that >90% of electrographic seizures are accompanied by behavioral convulsions in this model Hester & Danzer, 2013; Mazzuferi et al., 2012) . Seizure monitoring was only 9 hr/day, not 24 hr/day. Continuous monitoring with video and electroencephalography would have generated more accurate results. In addition, only one hippocampus was examined per mouse.
Specific, focal sites of seizure initiation were not identified and analyzed selectively for pathological abnormalities in individual subjects.
Furthermore, we examined only a subset of the pathological abnormalities that occur in patients with temporal lobe epilepsy. It is possible that other abnormalities correlate more strongly with seizure frequency. The dentate gyrus has been proposed to function like a gate that normally prevents excessive synaptic input from propagating into downstream hippocampal areas (Heinemann et al., 1992) . Therefore, pathological abnormalities in upstream brain regions-including the amygdala, olfactory cortex, and entorhinal cortex-might contribute to seizure frequency. However, in epileptic pilocarpine-treated rats, most seizures appear to initiate in the hippocampal formation (Toyoda, Bower, Leyva, & Buckmaster, 2013) .
In this study, mice were treated with pilocarpine when they were at a range of ages. Older mice tended to have higher seizure frequencies. Similarly, rats are more likely to develop epilepsy when they experience pilocarpine-induced status epilepticus as adults versus juveniles (Priel, Ferreira dos Santos, & Cavalheiro, 1996) . Spontaneous motor seizures eventually developed in all rats treated with pilocarpine at 50 days of age or older, but in none treated at 17 days old or younger. Our mice were treated with pilocarpine when they were 28-192 days old. Future studies might reduce variability in seizure frequency by standardizing subject age and time between pilocarpine treatment and seizure monitoring.
Despite the limitations and caveats discussed above, seizure frequency correlated with loss of GAD neurons in the granule cell layer.
Parvalbumin-positive basket cells are the best characterized interneurons associated with the granule cell layer (Hu, Gan, & Jonas, 2014) . In patients with temporal lobe epilepsy, fewer parvalbumin-positive basket cells are found in the dentate gyrus (Andrioli, Alonso-Nanclares, Arellano, & DeFilipe, 2007) . However, the loss might be attributable to reduced immunoreactivity, instead of cell death (Sloviter, Sollas, Barbaro, & Laxer, 1991; Wittner et al., 2001) . In this study, no significant (Soriano & Frotscher, 1993; Yu, Swietek, Proddutur, & Santhakumar, 2015) . To further test the hypothesis, it would be useful to identify the vulnerable interneurons and determine whether their selective loss is epileptogenic.
| No significant correlation between other pathological abnormalities and seizure frequency
No significant correlation was found between the number of hilar ectopic granule cells and seizure frequency. Mice with deletion of Bcl-2-associated X protein (BAX) (Myers, Bermudez-Hernandez, & Scharfman, 2013) or disabled-1 genes (Korn, Mandle, & Parent, 2016) develop hilar ectopic granule cells, but not epilepsy. Similarly, mice treated with phenobarbital at a young age develop hilar ectopic granule cells, but not epilepsy (Koyama et al., 2012) . Together, these findings suggest hilar ectopic granule cells are not epileptogenic.
Several studies reported a significant correlation between the number of hilar ectopic granule cells and seizure frequency. In those studies, however, seizure monitoring methods were limited (McCloskey et al., 2006) , sample size was small (Hester & Danzer, 2013) , or correlations were inconsistent depending on experimental conditions (Koyama et al., 2012) . Our data came from a large sample using optical fractionator cell counting methods. Our findings suggest that associations between seizure frequency and neurogenesis (Cho et al., 2015; Hosford, Liska, & Danzer, 2016; Jung et al., 2004) are attributable to factors other than hilar ectopic granule cells.
No significant correlation was found between mossy cell loss and seizure frequency. Ratzliff, Howard, Santhakumar, Osapay, & Soltesz (2004) reported that deletion of mossy cells reduces excitability of granule cells. Jinde et al. (2012) reported no seizures after deletion of mossy cells. Together, these findings suggest mossy cell loss is not epileptogenic. Furthermore, the lack of correlation between the number of surviving mossy cells and seizure frequency suggests they do not become super-connected ictogenic hub cells.
Most previous studies found no significant correlation between the extent of mossy fiber sprouting and seizure frequency (reviewed in Buckmaster, 2012) . Results of this study are consistent. A variety of experimental manipulations also reveal disassociation between mossy fiber sprouting and epileptogenesis Cho et al., 2015; Guo, Zeng, Brody, & Wong, 2013; Heng et al., 2013; Hosford et al., 2016; Pun et al., 2012) . Consequently, mossy fiber sprouting does not appear to be epileptogenic.
Seizure activity causes astrogliosis in the dentate gyrus (Bonthius, Stringer, Lothman, & Steward, 1994) . Astrogliosis found in patients with temporal lobe epilepsy is replicated in animal models (Bendotti, Guglielmetti, Tortarolo, Samanin, & Hirst, 2000; Garzillo & Mello, 2002) , including pilocarpine-treated mice (Borges, McDermott, Irier, Smith, & Dingledine, 2006) . Robel et al. (2015) conditionally deleted b1-integrin in mice, which caused astrogliosis throughout the brain, without other pathologies. Those mice displayed spontaneous seizures, suggesting astrogliosis alone can be epileptogenic. In this study, the average GFAP-positive area in the dentate gyrus of epileptic mice was 1.5X larger than in control mice, but there was no significant correlation with seizure frequency. In b1-integrin deficient mice, GFAPpositive area was >5X larger than in controls. These findings suggest that the extent of astrogliosis in epileptic pilocarpine-treated mice is not sufficient to cause seizures.
The loss of hilar GABAergic neurons was extensive in epileptic mice. Somatostatin-positive hilar interneurons inhibit granule cells at the dendritic level (Buckmaster, Yamawaki, & Zhang, 2002; Leranth, Malcolm, & Frotscher, 1990) and account for more than half of hilar GABAergic neurons (Austin & Buckmaster, 2004) . Their loss in patients with temporal lobe epilepsy (de Lanerolle et al., 1989; Mathern et al., 1995) is replicated in animal models (Buckmaster & Dudek, 1997; Gorter, van Vliet, Aronica, & Lopes da Silva, 2001; Schwarzer, Williamson, Lothman, Vezzani, & Sperk, 1995; Sperk et al., 1992; Sun et al., 2007) . Hilar somatostatin interneuron loss can reduce inhibitory control of granule cells (Hofmann, Balgooyen, Mattis, Deisseroth, & Buckmaster, 2016) . The surprising lack of correlation between the number of hilar GAD-positive neurons per dentate gyrus and seizure frequency was definitive (R 5 0.001, p 5 0.996, ANOVA). Therefore, there was little rationale for counting somatostatin interneurons, which would have been laborious and probably futile. Compensatory axon sprouting by surviving somatostatin interneurons (Peng et al., 2013; Thind et al., 2010; Zhang et al., 2009 ) could explain the lack of correlation between seizure frequency and the loss of hilar GABAergic neurons.
